X-ray phase contrast imaging (XPCI)[@b1][@b2] extends the potential of conventional, attenuation based X-ray imaging by providing additional contrast mechanisms arising from the phase-shifts imparted to the beam by the sample. Its potential applications span across a variety of fields, as diverse as medicine, materials science, security screening and biology. Amongst various solutions proposed[@b3][@b4][@b5][@b6][@b7][@b8][@b9][@b10][@b11][@b12][@b13], we focus here on edge illumination (EI)[@b14] for its capability to provide quantitative attenuation, phase[@b15] and scattering[@b16] information with a setup that uses commercial rotating anode source and detector technology. EI was initially developed by using monochromatic synchrotron radiation, then implemented with conventional rotating anode and microfocal X-ray tubes[@b17][@b18], thanks to its negligible requirements in terms of spatial or temporal coherence[@b19][@b20], its high sensitivity[@b21][@b22] and its robustness against thermal and mechanical instabilities[@b23][@b24].

Re-positioning of the optics and/or of the sample during data acquisition is typically required in XPCI experiments in order to separate phase and attenuation contributions to the measured intensity projections. Limiting ourselves to those methods capable of tolerating extended X-ray tube sources, potential solutions involve a grating interferometer scanning set-up[@b25][@b26], magnetic phase stepping[@b27] or Fourier fringe analysis methods[@b28][@b29] which however provide a reduced spatial resolution. Another approach, where an asymmetric design could potentially be incorporated, is a non-scanning grating interferometer set-up[@b30].

We introduce an approach based on the use of an asymmetric mask that eliminates all movements typically associated with EI XPCI experiments, with exception of the sample which is scanned through the imaging system. Sample scanning also removes sampling problems that might be encountered when imaging an object through a small aperture[@b31]. The basic idea is that an asymmetric pattern of apertures and absorbing septa are designed in such a way that adjacent detector pixel columns receive different degrees of illumination. The intensity projections measured by adjacent columns are then combined to retrieve the sample attenuation, refraction and scattering. This results in an XPCI system that does not require any re-arrangement of the optics during data acquisition. Moreover, if masks large enough to cover the entire object are available and a loss in resolution can be tolerated, the need to scan the object is also eliminated, and data acquisition becomes completely stationary.

Methods
=======

The set-up for laboratory-based EI experiments consists of a rotating anode source generating an X-ray beam that is shaped by a mask, passes through the object under investigation, and is then analysed by a second mask placed in front of the detector (see [Fig. 1(a)](#f1){ref-type="fig"}). The first mask *M*~1~ is generally referred to as the sample mask and the second *M*~2~ as the detector mask. The masks are designed in such a way that the magnified sample mask pitch *Gp*~1~ is equal to the detector mask pitch *p*~2~, where *G* = *z*~*sd*~/*z*~*so*~ is the geometrical magnification given by the ratio between the source-to-detector *z*~*sd*~ and the source-to-object *z*~*so*~ distances. The detector mask pitch *p*~2~, in turn, matches the detector pixels' pitch *p*~3~ and a one-to-one relationship exists between each aperture and detector pixel column. The typical design is that of a periodic, harmonically matched set of apertures and absorbing septa which provides a uniform illumination level across the entire field of view. The variation in the detected intensity as a function of the lateral shift between sample and detector mask along *x*, the direction orthogonal to both the beam propagation and the apertures, is described by the illumination function (see [Fig. 1(c)](#f1){ref-type="fig"}). In a standard and correctly aligned EI system[@b23] all pixels detect the same illumination function, with no relative shifts between the curves recorded by different pixels.

A 3-way asymmetric mask is obtained through a modification of the conventional mask design used in EI[@b17]. As shown in [Fig. 1(b)](#f1){ref-type="fig"}, group 1 and group 3 apertures are shifted by ±*s* with respect to the position of group 2 apertures, which is the same as in the conventional design. This can also be seen as three regularly spaced groups of apertures, each with period 3*p*~1~, shifted by ±*s* with respect to each other. When a sample mask with such design is scanned along *x*, each detector column records one of the intensity curves shown in [Fig. 1(c)](#f1){ref-type="fig"}. These are in fact three illumination functions, shifted with respect to each other by ±*s*. Three independent intensity projections are obtained by each group of pixel columns, for example with the mask in the position indicated by 0 *μ*m displacement in [Fig. 1(c)](#f1){ref-type="fig"}. These are then combined to retrieve the absorption, refraction and scattering properties of the object. The change in shape between the illumination functions of group 1, 2 and 3 that can be observed in [Fig. 1(c)](#f1){ref-type="fig"} is the result of the cross-talk between adjacent pixels. A comprehensive discussion of this effect can be found in the [Supplementary Information](#S1){ref-type="supplementary-material"} online. It should be noted, however, that these changes in shape do not represent a practical problem because this information can be explicitly used in the retrieval, leading to quantitatively accurate results[@b24].

This 3-way asymmetric mask concept can be extended to any desired number *m*, where the apertures of a standard mask design are classed in *m* groups, each one positioned with a different relative shift. In order to demonstrate this, a 7-way asymmetric mask was designed and experimentally tested. In this case the asymmetric masks were designed to produce the same illumination level, with opposite slopes, in pairs of apertures belonging to different groups. In this way existing retrieval algorithms[@b16][@b32] could be used. However, it should be noted that this restriction is not necessary, and that the relative shifts between groups of apertures can be optimised depending on the specific application.

For a sample of known shape and composition, attenuation profiles are modelled in the following way[@b33]:

where *λ* is the radiation wavelength, *S*(*λ*) is the spectral distribution of the X-ray source, *D*(*λ*) is the energy response function of the detector, 4*πβ*(*λ*)/*λ* is the linear attenuation coefficient of the material with *β* the imaginary part of the refractive index *n* = 1 − *δ* + *iβ*, and *t*(*x*) is the projected thickness of the sample along the beam propagation axis. The detected transmission is then modelled through a convolution:

where *W*(*x*) = *rect*(*x*/*a*~1~), *rect*(*x*/*a*~1~) is the rectangular function defined as 1 for −1/2 \< *x* \< 1/2 and 0 elsewhere, and *a*~1~ is the width of the apertures in the sample mask. This accounts for the fact that we are illuminating the sample by scanning it through an X-ray beam shaped by a rectangular window. The refraction profiles are modelled as:

and, as for the attenuation case, the detected signal is modelled through a convolution *R*~*d*~(*x*) = (*W* ∗ *R*)(*x*).

Three objects were imaged. The first was a custom built phantom made of fibres of various materials with nominal properties as follows: Nylon of 100 and of 300 *μ*m diameter, Sapphire of 250 *μ*m diameter and PEEK of 150 *μ*m (all from Goodfellow Cambridge Ltd., England, UK). This was used for the quantitative analysis. The second phantom consisted of an acrylic rod and a paper step wedge for qualitative retrieval of mixed absorption, refraction and scatter images. Finally, a ground beetle was also imaged as an example of a more complex biological sample.

A Mo target rotating anode source (MM007, Rigaku, Japan) operated at 45 kV/20 mA was used for this experiment. The sample mask was placed at 160 cm from the source, and the detector mask an additional 40 cm downstream. The apertures were *a*~1~ = 23 *μ*m and *a*~2~ = 29 *μ*m wide in the sample and detector mask, respectively. The detector mask pitch *p*~2~ was 98 *μ*m and the sample mask pitch (of each aperture group) 3*p*~1~ was 237 *μ*m. For the 3-way asymmetric sample mask, the relative shift ±*s* was ±15 *μ*m, while a set of shifts equal to (±8, ±12, ±17) *μ*m was used for the 7-way asymmetric mask. The absorbing septa were made of gold with a nominal thickness of 200 *μ*m and supported by a graphite substrate. The masks were manufactured to the authors' design by Creatv MicroTech Inc. (Potomac, MD, US). For the two custom built phantoms, the detector was a CMOS flat panel coupled with directly deposited CsI scintillator and a pixel size of 50 *μ*m × 50 *μ*m (C9732DK-11, Hamamatsu, Japan). A photon counter employing CdTe-CMOS sensor technology and with a pixel size of 100 *μ*m × 100 *μ*m (XC-FLITE FX1, XCounter, Sweden) was used for the acquisition of the ground beetle. The CMOS flat panel sensor was used with a line-skipping mask design[@b34] in order to minimise the effect of cross-talk between the pixels due to the presence of long tails in the detector point spread function. The single-photon-counting detector was used with the conventional mask design, where each pixel column is matched with an aperture in the masks. For the calculations of the theoretical profiles we used the source energy spectrum *S*(*λ*) provided by the manufacturer, a model detector response *D*(*λ*) for indirect X-ray detectors based on the amount of energy deposited into the scintillator[@b35] and the values for *β*(*λ*) and *δ*(*λ*) provided by xraylib[@b36].

Results
=======

The quantitative accuracy of the method was tested on the multi-wire sample using the 3-way mask design, with results shown in [Fig. 2](#f2){ref-type="fig"}, for the refraction, attenuation and phase images. The phase images of [Fig. 2(i--l)](#f2){ref-type="fig"} are obtained by numerical integration and imposing a zero phase shift in background. The vertical stripes that can be seen in the phase images of [Fig. 2(i--l)](#f2){ref-type="fig"} are artefacts that can be attributed to the numerical integration. The refraction images in [Fig. 2(a--d)](#f2){ref-type="fig"} are affected by random fluctuations generated by the propagation of the statistical counting noise inherent in the recorded intensity projections. After numerical integration these fluctuations results into stripe artefacts that run parallel to the direction of integration. Profiles extracted from the panels in [Fig. 2(a--d,e--h)](#f2){ref-type="fig"} are compared to theory in [Figs 3](#f3){ref-type="fig"} and [4](#f4){ref-type="fig"}. A good agreement can be observed between the experimental (dashed red line) and the theoretical (solid black line) profiles. A relatively high level of noise can be observed in the profiles extracted from the attenuation images ([Fig. 4](#f4){ref-type="fig"}), this is due to the weak absorption and therefore weak signal (a few percent) of these samples leading to a small signal to noise ratio.

[Figure 5](#f5){ref-type="fig"} shows the simultaneously retrieved attenuation (panel 5(a)), refraction (panel 5(b)) and scattering (panel 5(c)) images of the acrylic rod and paper step wedge sample. The dependence of the signal on the thickness of the scatterer can be observed in panel 5(c). A bright signal at the edges of the acrylic rod can also be observed, which is a known feature of this type of contrast channel[@b37][@b38][@b39]. The attenuation and refraction images of the ground beetle are shown in [Fig. 6](#f6){ref-type="fig"}; the scattering image is not shown in this case due to the lack of dark-field signal for this sample. Several details that are clearly visible in the refraction image but not in the attenuation image, are indicated with arrows. This highlights the superiority of phase-contrast imaging for the visualization of faint details in biological samples.

Finally, the set of illumination functions measured using the 7-way asymmetric aperture pattern is shown in [Fig. 7](#f7){ref-type="fig"}. By placing the sample mask at position 0 *μ*m along the *x* axis, intensity projections are acquired at approximately ±35%, ±60%, ±80% and 100%. This demonstrates the possibility to implement the new mask concept proposed here also in those cases where a finer sampling of the illumination function is required by a particular application. For example, should the alignment of the entire field of view be severely limited, a larger number of intensity projections could be beneficial in order to minimise the errors in the retrieval[@b24].

Discussion
==========

A new concept of asymmetric masks was introduced to enable laboratory-compatible X-ray phase contrast imaging with a stationary system. Attenuation, refraction and scattering were retrieved without any movement of the instrumentation during data acquisition, aside from sample scanning. Two proof-of-principle masks were designed, fabricated and experimentally tested. One was a 3-way mask, for the simultaneous acquisition of three complimentary illumination conditions, which is the theoretical minimum for the retrieval of a three-channel (attenuation, refraction and ultra-small-angle scattering) representation of the sample. The other was a 7-way mask that can be used when a finer sampling of the illumination function is required by certain classes of applications. The method was quantitatively tested on a custom built phantom made of known materials, with good agreement between experimental data and theoretically expected profiles. The potential in terms of image quality was demonstrated also on more complex samples: one which produces a non-negligible scattering signal and a biological one. This new approach preserves the incoherence and achromatic properties of edge illumination and removes any possible problem related to aliasing which might arise from incomplete sample illumination. It naturally adapts to those situations in clinical, industrial and security imaging where the image is acquired by scanning the sample through a stationary imaging system.
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![(**a**) sketch of the experimental set-up: the X-rays generated by an extended source *S* are shaped by the sample mask *M*~1~, propagate through the sample and are analysed by the detector mask *M*~2~ before reaching the detector *D*. (**b**) 3-way asymmetric mask design: grey rectangles represent the standard aperture pattern (detector mask) while the coloured rectangles indicate the asymmetric aperture pattern (sample mask). (**c**) Experimental illumination functions corresponding to each aperture group. Each group is shifted with respect to the others by the known amount *s*. The three complementary EI conditions (i.e. ±60% and 100% illumination) can be simultaneously acquired at the mask position corresponding to 0 *μ*m displacement. (**d**) optical microscope image of the 3-way asymmetric mask manufactured for this experiment, scale bar is 200 *μ*m.](srep25466-f1){#f1}

![Images of the multi-wire phantom: (**a--d**) refraction, (**e--h**) attenuation and (**i--l**) phase. From top to bottom: sapphire 250 *μ*m, Nylon 100 *μ*m, PEEK 150 *μ*m and Nylon 300 *μ*m diameter. The vertical stripes that can be seen in panels (**i--l**) run parallel to the direction of integration and are a result of the presence of noise in the integrand images (**a--d**).](srep25466-f2){#f2}

![Profiles extracted from the refraction images of the multi-wire phantom: (**a**) sapphire 250 *μ*m, (**b**) Nylon 100 *μ*m, (**c**) PEEK 150 *μ*m and (**d**) Nylon 300 *μ*m diameter.](srep25466-f3){#f3}

![Profiles extracted from the attenuation images of the multi-wire phantom: (**a**) sapphire 250 *μ*m, (**b**) Nylon 100 *μ*m, (**c**) PEEK 150 *μ*m and (**d**) Nylon 300 *μ*m diameter.](srep25466-f4){#f4}

![(**a**) attenuation, (**b**) refraction and (**c**) scattering contrast images of the acrylic rod and paper step wedge sample. Scale bar is 2 mm.](srep25466-f5){#f5}

![(**a**) attenuation and (**b**) refraction contrast images of the ground beetle. Scale bar is 3 mm.](srep25466-f6){#f6}

![7-way asymmetric aperture pattern.\
(**a**) schematic of the design, (**b**) experimental illumination functions and (**c**) optical microscope image, scale bar is 250 *μ*m. At the mask position corresponding to 0 *μ*m displacement, seven complementary illumination conditions ±35%, ±60%, ±80% and 100% are obtained.](srep25466-f7){#f7}
